Electron holography was applied to determine the contact potential differences in an AlGaN/AlN/Si heterostructure formed by metalorganic vapor phase epitaxy. The contact potential difference was obtained by subtracting the difference of the mean inner potentials before forming the junction from the corresponding difference after forming the junction. The contact potential differences thus obtained were consistent with a reported asymmetric nonlinear behavior in the current-voltage characteristics measured for a similar heterojunction diode.
INTRODUCTION
GaN-based light emitting diodes (LEDs) are usually fabricated on sapphire substrates [1] [2] [3] [4] , for which an elaborate process is required for contacting because sapphire is an insulator. Si has been considered as an alternative substrate because a significant reduction in device cost can be achieved by a simpler process using vertical contact [5] [6] [7] [8] [9] . However, Si-based LED's are reported to have inferior properties. In this study, Electron holography (EH) was applied to determine the contact potential differences in an AlGaN/AlN/Si heterostructure formed by metalorganic vapor phase epitaxy [MOVPE] .
EXPERIMENTAL
An AlGaN/AlN/Si heterostructure sample was grown by MOVPE [4] . The growth was performed on an n-type (111) Si substrate via AlN as an intermediate layer. The thickness of the AlN intermediate layer was about 25 nm. An AlGaN layer was grown on the AlN intermediate layer.
The AlN molar fraction in the AlGaN layer was 0.1. Both AlN and AlGaN layers were not intentionally doped. A wedge-shaped thinned sample for EH observation was fabricated as follows. First, two pieces of the sample were glued face to face. Then the sample was processed to be wedge-shaped by mechanical grinding and polishing. Finally, the wedge was polished by ion milling. The ion milling was carried out at an incidence angle of 0º and from one Si substrate side. By this technique, a cross-sectional sample having a constant wedge angle and a relatively straight edge was obtained for the shaded region of the Si.
EH observations were performed on a Hitachi HF-2000 (200 kV) equipped with a field-emission source and an electron biprism. Hologram reconstruction was performed using a Gatan Digital Micrograph software.
RESULTS AND DISCUSSION
Figures 1(a) and 1(b) show a transmission electron microscopy (TEM) image and a phase image of the interface region, respectively. The phase image is shown as the cosine of 3× the actual phase. With this representation, the phase shifts at the interfaces are clearly seen as the shift or bending of the equiphase contours. As shown in Fig.  1(a) , many defects are present especially in the AlN region due to the lattice mismatch between Si and AlN. In the Si region, the contour is bent near the interface region. This is due to the strain induced by the mismatch in the thermal expansion coefficient. The hologram was taken under the condition that no strong Bragg diffraction occurs. Therefore, the sample was tilted and Si and AlN layer, and AlN and AlGaN layers appear to be merged at the each interface regions in Fig. 1(b) . Note that local strain near the interfaces can cause an additional phase change through the diffraction effects. In fact, we observed a local distortion in an equiphase contour near the interface region when the sample was tilted improperly. However, no such distortion is seen in Fig. 1(b) . Therefore, we consider that the diffraction effects are safely avoided. Figure 2 shows phase profiles obtained along the lines in Fig. 1(b) . Here, the vertical axis represents actual phase values. Note that except for the near-edge region, the phase changes linearly with the distance, sug- gesting that the sample is wedge shaped. Similar phase profiles were obtained for all the data for a region of about 73 nm across the interfaces. Then the phase slopes were evaluated for each profile by a linear fit to the data for the thick region. The number of phase profiles used to evaluate the slopes was 700. The result is shown in Fig. 3 , where the phase slopes are plotted as a function of the distance perpendicular to the interfaces. The phase slope is almost constant in the Si region with a value of 0.131 rad/nm. Also, the phase slopes for the AlN and AlGaN regions seem to be constant. They are 0.168 rad/nm and 0.189 rad/nm for AlN and AlGaN, respectively. Large changes in the phase slope between Si and AlN, and between AlN and AlGaN are mainly due to the presence of the intermixing region. To derive a mean inner potential from the phase slope, the angle of the wedge or the thickness is necessary. In this study, the wedge angle of the thinned sample was determined by evaluating the width of the intermixing region, where two layers are overlapped. By tilting the sample along the axis parallel to the interface lines from the edge-on condition, triangular intermixing regions change. Measuring the angle of the triangle, we determined the wedge angle to be 67.0º -79.5º. The uncertainty of the wedge angle is due mainly to the undulation of the interface [10] .
Under a condition that the sample is tilted such that there are no strong diffraction effects, the phase change φ due to the mean inner potential V 0 is given by φ=C E V 0 t. where C E is a constant (7.295×10 -3 rad/(V nm) for a 200 kV electron beam) and t is the sample thickness. Using the values of the wedge angle and the phase slopes, the mean inner potentials of Si, AlN and AlGaN in the heterostructure are evaluated as V' Si = 12.2±1.4 V, V' AlN = 15.6±1.8 V and V' AlGaN = 17.6±2.0 V, respectively. Here, the V's are the mean inner potentials of each layer forming the heterostructure. The error is due to the uncertainty of the measured wedge angle. One can see an amorphous edge in Fig. 1(a) , indicating that the top and bottom surfaces of the sample are covered with amorphous layers. Since the phase increases linearly with the distance in the thick region as shown in Fig. 2 , the amorphous layers should have a constant thickness. These amorphous layers can cause a constant additional phase change, but do not affect the slope of the phase. Since we use the phase slope to derive the V 0 values, the effects of the presence of the amorphous layers on the V 0 values should be insignificant. The mean inner potentials of AlN and AlGaN were estimated using the experimentally obtained value for GaN (13.8±0.6 V) and calculated values for GaN and AlN [14] . Assuming that the mean inner potential for AlGaN alloys varies linearly with the AlN molar fraction, and that the value for GaN is equal to the experimentally obtained one, the mean inner potentials of AlN and Al 0.1 Ga 0.9 N were estimated to be V AlN = 13.1±0.6 V and V AlGaN = 13.7±0.6 V, respectively. For Si, the mean inner potential of a Si wafer was determined experimentally as V Si = 10.6±0.3 V. Here, the Vs are the mean inner potentials of each materi- al. These errors of the mean inner potentials can be attributed to the uncertainty in the determination of the sample thickness. The contact potential differences for the AlN/Si and AlGaN/AlN interfaces were determined as follows:
Using the values determined above, the contact potential differences, ΔV AlN/Si and ΔV AlGaN/AlN , are calculated to be 0.9±1.3 V and 1.4±0.2 V, respectively. The large uncertainty for ΔV AlN/Si comes from the fact that the errors of the mean inner potentials are added. The errors of the mean inner potentials come from the uncertainty of the measured thickness. On the other hand, V AlN and V AlGaN were determined using a single measured value in this study; thus in calculating the V AlGaN -V AlN term, the error was canceled out. Therefore, the error for ΔV AlGaN/AlN comes only from the V' AlGaN -V' AlN term and thus appears to have smaller uncertainty.
In view of the above definition of the contact potential difference, these contact potential differences should act as the potential barrier for electrons traveling from AlGaN to Si. In fact, asymmetric nonlinear behavior in current-voltage characteristics was reported for a similar heterojunction diode [11] . However, note that there seem to be several explanations for this behavior, including the very inhomogeneous width of the AlN layer. Our result may provide a clue to understanding the current-voltage characteristics in complex heterojunction diodes.
CONCLUSION
The contact potential differences in the AlGaN/AlN/Si heterostructure were evaluated by EH. The contact potential difference was obtained by subtracting the difference of the mean inner potentials before forming the junction from the corresponding difference after forming the junction. The mean inner potentials after forming the junction were evaluated using a wedge-shaped thinned sample. A method for determining the wedge angle was proposed. The cause of the uncertainty of the evaluated contact potential differences was discussed. The contact potential differences obtained in this study are consistent with the reported asymmetric nonlinear behavior in the current-voltage characteristics obtained for a similar heterojunction diode.
